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Abstract
The electrostatic charging of the LISA test masses due to exposure of the space-
craft to energetic particles in the space environment has implications in the design
and operation of the gravitational inertial sensors and can affect the quality of the
science data. Robust predictions of charging rates and associated stochastic fluc-
tuations are therefore required for the exposure scenarios expected throughout the
mission. We report on detailed charging simulations with the Geant4 toolkit, using
comprehensive geometry and physics models, for Galactic cosmic-ray protons and
helium nuclei. These predict positive charging rates of 50 +e/s (elementary charges
per second) for solar minimum conditions, decreasing by half at solar maximum, and
current fluctuations of up to 30 +e/s/Hz1/2. Charging from sporadic solar events
involving energetic protons was also investigated. Using an event-size distribution
model, we conclude that their impact on the LISA science data is manageable. Sev-
eral physical processes hitherto unexplored as potential charging mechanisms have
also been assessed. Significantly, the kinetic emission of very low-energy secondary
electrons due to bombardment of the inertial sensors by primary cosmic rays and
their secondaries can produce charging currents comparable with the Monte Carlo
rates.
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1 Introduction
LISA, the Laser Interferometer Space Antenna, is a joint ESA/NASA mission
designed to detect gravitational waves by means of space-borne interferometric
measurements. Gravitational disturbances will induce minute variations in the
relative separation of free-floating test masses (TMs), which are distributed in
pairs in an equilateral constellation of three spacecraft 5 million km apart [1].
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The radiation environment which will be encountered by LISA in its Earth-
like orbit around the Sun can threaten its ambitious target sensitivity for
detecting gravitational waves. The precursor mission LISA Pathfinder (for-
merly known as SMART-2) will be similarly vulnerable at the Earth-Sun L1
Lagrange point [2]. Spurious TM accelerations result from the accumulation
of charge on the isolated masses caused by the bombardment of the spacecraft
by cosmic rays and solar particles. A charged TM interacts electromagnet-
ically with surrounding conducting surfaces as well as with magnetic fields
in interplanetary space. These spurious Coulomb and Lorentz forces lead to
both coherent signals and in-band noise which can limit the sensitivity to
gravitational waves.
TM charging is a consideration in the design of the inertial sensor (electromag-
netic analysis, materials, shielding). Subsequently, it drives the development of
an effective charge management system (charge measurement, neutralisation,
operation modes, recovery from drastic charging events). The unavoidable con-
tamination of the science data needs to be assessed and mitigated using data
analysis techniques, possibly assisted by information from diagnostic tools
such as particle monitors.
Previous work has established approximate charging rates from Galactic cos-
mic rays at solar minimum conditions and the magnitude of their spurious
acceleration signals [3,4,5,6,7,8]. These studies were based on Monte Carlo
(MC) simulations using the Geant3 [9] and Geant4 [10] toolkits. Simulation
work with the Fluka package [11] is also ongoing [12]. Positive charging rates in
the range 11–29 +e/s result from these studies, 1 depending on the complexity
of the models and TM size considered. In this work we set out to improve on
previous calculations for LISA by using more sophisticated physics models,
a detailed implementation of the spacecraft geometry, and by assessing other
possible charging mechanisms not considered previously. A similar study for
LISA Pathfinder is described elsewhere [13].
1 Note: a normalisation error was made in Ref. [6] in scaling the MC to the omnidi-
rectional GCR flux. Consequently, charging rate estimates found there are inflated
by a factor of 2. This has been accounted for in the comparisons presented in this
article.
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2 Geant4 Simulation
2.1 Geometry Model
The Geant4 implementation of the LISA Science Module, illustrated in Fig. 1,
was based on the LISA Integrated Solid Model [14]. Some 200 volumes rep-
resent nearly all components above ∼0.1 kg at the correct location, using the
assigned materials when known. Overall, almost 85% of a total spacecraft
mass of 400 kg has been accounted for; numerous small pieces of structural
hardware make up most of the missing mass.
Fig. 1. LISA spacecraft model implemented in Geant4. Two inertial sensors are
located inside the Y-shaped payload structure (one is shown in the figure).
Each LISA module accommodates two interferometer telescopes mounted in-
side a Y-shaped payload structure. The outer spacecraft structure is approxi-
mately 2.7 m in diameter and 0.5 m in height. Two TMs are housed in inertial
sensors (IS) located in optical benches mounted behind the telescopes. The IS
representation is based on the current design of the LISA Technology Pack-
age (LTP) sensor [15] aboard the LISA Pathfinder. An important difference
between the earlier LISA and the new LTP sensor designs is a larger TM
considered in the latter (46 mm cube, as opposed to 40 mm). The Geant4
model is represented in a cutaway view in Fig. 2. The test cube is modelled
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as Au.7Pt.3 alloy and is surrounded by sensing and actuation electrodes (Y -Z
injection configuration) lodged in a molybdenum housing. A 0.3 µm gold layer
plates the entire inner surface of the sensor housing. Caging mechanisms, used
to immobilise the cube during launch, are shown in Fig. 2 above and below
the sensor. The assembly is accommodated in a titanium vacuum enclosure,
the edges of which are also shown.
Fig. 2. LTP inertial sensor implemented in Geant4. The TM, located at the centre of
the figure, is surrounded by sensing electrodes (light grey) and injection electrodes
(dark grey). Caging mechanisms can be seen above and below the electrode housing.
2.2 Simulation of the Radiation Environment
In the science phase of the LISA mission, two particle fluxes will dominate
the charging rates occurring in its test masses: a permanent background flux
of Galactic cosmic-ray (GCR) protons and light nuclei and, occasionally, solar
energetic particles (SEP) driven by shock acceleration from certain types of
solar event.
The GCR spectrum varies in intensity during the 11-year long solar cycle.
The interplanetary magnetic field is weakest at the minimum of solar activity;
as a consequence, a higher GCR flux is expected in the solar cavity. At solar
quiet, approximately 90% of the particle flux consists of protons, 8% of He
4
nuclei (3He and 4He), 1% of heavier nuclei and 1% of electrons. Conversely, the
lowest GCR fluxes are expected at solar maximum. The three most abundant
primary nuclei (p, 3He, 4He) at solar minimum and maximum fluxes were the
main simulation inputs. The TM charging from SEP events was determined
separately, and is discussed in Section 4. The effect of heavier nuclei is be-
ing examined, but it is not thought to be a significant one. Work is under
way to address the issue of GCR variability in the LISA bandwidth and flux
directionality. In the present work GCR fluxes are considered constant and
isotropic, which should not affect the main conclusions reached.
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
1
10
10
-2
10
-1
1 10 10
2
10
3
GCR energy, GeV/n
flu
x,
 p
ar
tic
le
s/
s/
m
2 /s
r/(
Me
V/
n)
p solmin
p solmax
4He solmin
4He solmax
3He solmin
3He solmax
Fig. 3. Differential energy spectra for GCR protons and He nuclei at 1 AU.
The adopted GCR spectra are those shown in Fig. 3 [17]. Since most spectral
data do not distinguish between the two He isotopes, a simple parameterisation
of the ratio 3He/4He was used [18]. Only energies above 100 MeV/n were
considered for the simulation input, the minimum required to penetrate the
shielding overlying the TMs, except for the solar minimum proton spectrum,
which was extended down to 10 MeV/n in order to establish this fact.
In carrying out the MC simulation, the isotropic primary flux is generated from
points sampled uniformly from a spherical surface encompassing the whole
geometry, biased with a cosine-law angular distribution around the surface
normal. The particle energy is sampled randomly from the GCR spectra. The
MC timelines are normalised by considering that N0 primaries represent a
fluence Φ = N0/(piR
2) particles per unit area anywhere inside a generator
surface of radius R.
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2.3 Physics Models
Owing to their high energy and hadronic nature, GCR interactions entail
complex nuclear reactions which have large final-state multiplicities, producing
a plethora of secondaries. All these particles need to be tracked down to the
lowest possible energy, especially those approaching the IS. As a result, many
of the physics models available in Geant4 are required for this simulation; they
describe hadronic, electromagnetic and photonuclear interactions, spanning
almost 10 orders of magnitude in energy. A detailed description of these models
can be found in Ref. [16].
A milestone in the application of Geant4 to cosmic-ray simulations was the
implementation of intra-nuclear cascade models for the inelastic scattering of
nucleons, followed by their recent extension to light nuclei. For protons, these
are complemented by a quark-gluon string model above ∼6 GeV. Nuclear
evaporation models treat the excited residual nucleus as well as primaries
below ∼100 MeV. The new models improve the treatment of GCR protons
and allow, for the first time, a realistic simulation of He fluxes.
A threshold of 250 eV was imposed for secondary particle production inside
the IS, with the exception of delta rays (knock-on electrons) directly created
by hadron ionisation; these are currently suppressed below the mean excita-
tion energy of the material (∼800 eV in gold). The effect of these produc-
tion cuts is analysed later. Another important issue in this simulation is the
backscattering of electrons at material boundaries. Backscattering fractions
for heavy elements such as gold and platinum can be as large as 50% above
keV energies. The Geant4 model was tuned to reproduce the fraction, energy
and angular distributions of backscattered electrons found experimentally for
these materials.
The charging potential of several additional physics processes was assessed
separately from the simulation. Mechanisms such as the kinetic emission of
very low energy electrons and atoms (sputtering) are not modelled by Geant4.
Others, such as transition radiation and Cherenkov emission, could have been
included in the MC, but we opted for a separate treatment due to their in-
tricate dependence on the detailed IS design. A prototype model of proton-
induced x-ray emission does exist in Geant4, but it proved too inaccurate for
our purpose. Finally, mainly for a speedier simulation, the effects of cosmogenic
activation and radioactive decay of the spacecraft materials were investigated
independently. All these processes are discussed in Section 5.
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3 Simulation Results
The MC model tracks cosmic rays and secondary particles capable of pen-
etrating the IS shielding (and all secondaries produced inside it), tallying
those entering and leaving the two test masses (TM0 and TM1). Generation
of the MC data required ∼1 CPU year to achieve convergence of the charging
rates to within a few percent [19]. A minimum exposure time T=400 s was
simulated for both solar minimum and solar maximum conditions, totalling
N0 = 2.2 × 10
8 simulated events, distributed as shown in Table 1. The om-
nidirectional GCR fluxes above 100 MeV, F , are also indicated. On average,
one charging event was registered for ∼1000 primaries striking the spacecraft.
Some events were found to deposit charge on both masses simultaneously, but
their number was negligible.
3.1 Mean Charging Rates and Fluctuations
The average charging rate of each TM, R±σM , and the spectral density SR of
the shot noise associated with the charging current are summarised in Table 1,
for a constant and isotropic GCR flux. The MC uncertainty, σM , is calculated
by combining the Poisson variances for the occurrence of each net event charge.
All contributions to the total charging rate are positive for both solar condi-
tions, and slightly different for the two masses (but almost within errors). A
small discrepancy is to be expected: although the IS occupy almost symmet-
rical positions in the spacecraft, they were placed with the same orientation
inside the payload arms and not as mirror images with respect to the axis of
symmetry. As a result, the masses see slightly different amounts of shielding.
For TM1, located in the IS visible in Fig. 1, the rates are 23.7±0.6 +e/s and
49.9±0.9 +e/s for solar maximum and solar minimum fluxes, respectively. The
solar minimum value is almost twice the corrected figure obtained from Ref. [6]
(29 +e/s). Although the proton flux clearly dominates these rates, it is worth
noting that He, which constitutes only 8% of the total GCR flux, contributes
about twice that fraction to the total charging rate.
To highlight the stochastic nature of the charging process, we write the time-
dependent fluctuations of the total charge as δQ(t) = Q(t) − R t, shown in
Fig. 4. Besides adding to the acceleration noise, these fluctuations also set the
ultimate accuracy expected from a finite measurement of the total TM charge.
For a more rigorous analysis, we write R in terms of statistically independent
contributions from events giving only a net charge qe (q=+1 for protons). The
parallel can then be made with the transport of equal charges to and from
a charge reservoir, i.e. electrical shot noise. The distribution of individual
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Table 1. Summary of the Monte Carlo Results
primary solar GCR flux timeline TM0 TM1
particle activity F , /s/cm2 N0, 10
8 T , s R, +e/s σM , e/s SR, e/s/Hz
1/2 R, +e/s σM , e/s SR, e/s/Hz
1/2
p 4.29 121.1 400 39.8 0.8 21.2 41.2 0.8 21.5
4He min 0.315 14.4 642 7.2 0.3 10.5 7.7 0.3 11.0
3He 0.0591 14.1 3366 1.08 0.05 3.95 1.04 0.05 4.05
total 4.66 149.6 – 48.1 0.9 24.0 49.9 0.9 24.5
p 1.89 53.3 400 17.8 0.6 16.8 19.7 0.6 17.9
4He max 0.142 9.3 924 3.6 0.2 8.79 3.5 0.2 9.06
3He 0.0236 8.0 4804 0.45 0.03 2.77 0.44 0.03 2.9
total 2.06 70.6 – 21.8 0.6 19.2 23.7 0.6 20.3
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Fig. 4. Statistical fluctuations of the time-dependent net charge on TM0 around the
average net charging rate for solar minimum conditions.
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Fig. 5. Charge spectrogram for TM1 at solar minimum.
charging currents is represented in the spectrogram shown in Fig. 5. Although
there is a degree of balance between negative and positive net charges, the
latter dominate to produce a net positive rate. A few events were recorded
with even larger net charges than Fig. 5 may suggest. The largest found in
the 6 datasets was +80 +e, resulting from a 7 GeV proton; in another event,
over 200 electrons entered one TM leaving a net charge of -20 +e.
The shot noise for a particle rate Rq/qe has a single-sided spectral density
equal to Sq = (2(qe)Rq)
1/2 [+e/s/Hz1/2]. SR is obtained by adding Sq in
quadrature over all values of q. The result is 24 +e/s/Hz1/2 and 20 +e/s/Hz1/2
for solar minimum and solar maximum, respectively. Finally, the charge fluc-
tuations at frequency f are obtained by integrating SR in the time domain:
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SQ(f) = SR/2pif .
The charging noise can also be described by an ‘effective rate’ of single charges
required to produce the same spectral density, Reff = S
2
R/2 . The solar max-
imum and minimum effective rates are 196 +e/s and 288 +e/s, respectively.
The latter figure is also twice that previously calculated in Ref. [6].
3.2 Charging as a Function of GCR Energy
Cosmic rays contribute to the overall charging rate according to their energy
in the way shown in Fig. 6; also plotted are the GCR proton spectra (now
in relative flux per histogram bin, not per unit energy). To a first approxi-
mation, the charging spectrum follows the respective input spectrum above
∼100 MeV/n for protons as well as He nuclei, and a factor ≃2 ratio of solar
minimum to solar maximum rates reflects approximately the ratio between
the GCR fluxes. Yet, the two scenarios have distinct spectral features: apart
from the shift towards higher energies caused by the harder solar maximum
flux, a peak is visible at lower energies in the solar minimum situation.
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Fig. 6. Charging rate of TM0 as a function of primary energy at solar minimum (left)
and solar maximum (right); the smooth lines represent the GCR proton spectra
(frequency per histogram bin, on different scales).
Fig. 7 decomposes the effect of solar minimum protons according to the actual
net charge stopping and being ejected from the TM. The feature at a few hun-
dred MeV is readily explained in terms of single positive charges stopping in
the TM, which are mostly protons. A mass overburden of at least 10–15 g/cm2
encloses the test masses, which shields against primaries below 100 MeV/n.
The test cube itself represents 90 g/cm2 — it takes a ∼400 MeV proton to
10
get through it. The rate of 100–400 MeV protons directly stopping in the TM
is approximately 10 +e/s at solar minimum (25% of the proton-induced rate)
and negligible for the harder solar maximum spectrum.
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Fig. 7. Analysis of the proton charging rate for TM0.
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Fig. 8. Distribution of charges entering (left) and leaving (right) TM0 as a function
of primary energy for solar minimum protons.
Increasingly energetic primaries result in higher net charges, as e+/e− pair
production and cascaded nuclear reactions take over. This is illustrated in
Fig. 8, which shows the charges stopping and being ejected from the TM
as a function of primary energy — only for those events producing a net
result. High-energy events are quite complicated, occasionally leading to ∼100
negative particles (mostly electrons) stopping in the TM while comparable
numbers are ejected from it. In spite of some cancellation, the net charging is
positive. Secondary electrons are responsible for a charging rate of +28 +e/s
for solar minimum protons (almost 70 % of the proton-induced rate).
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Although electromagnetic showers can create many e+/e− pairs and gamma
rays, nuclear reactions are the most important charging mechanism at higher
energies, effectively multiplying the number of primaries in the spacecraft.
This multiplication role of hadronic interactions was confirmed by a simple
simulation carried out with a basic geometry of concentric spheres providing
13 g/cm2 of shielding to one cubic TM. The charging rate induced by solar
minimum protons suffering electromagnetic processes alone was almost 3 times
smaller than that obtained when hadronic processes were added. This fact
partly explains the higher rates obtained in the present work.
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Fig. 9. Spectral charging efficiency for protons.
By dividing the charging spectrum by the input flux one obtains a spectral
charging efficiency, Q(E0)/N0(E0), shown in Fig. 9 for protons. The charging
threshold at 100 MeV is clearly seen in the figure, as is the initial peak pre-
viously explained in terms of protons stopping in the TM. In this region, and
up to approximately 10 GeV, the charging efficiency is 10−4 positive charges
for each proton randomly emitted from the generator sphere. The disconti-
nuity visible near 6 GeV is artificially created by the change-over between
inelastic scattering models for protons (intra-nuclear cascade and quark-gluon
string models). At very high energies the charging efficiency decreases to zero
(within errors).
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4 Solar Energetic Particles
4.1 Characterisation of Solar Particle Events
Irregular fluxes of solar particles (mainly protons) will add to the steady back-
ground of GCRs, leading to further charging of the LISA test masses. Solar
events associated with radio bursts or moderate x-ray flares are relatively
short-lived (∼hours) and very frequent (∼1000/year). However, their energy
spectrum is usually too soft (<50 MeV) to penetrate the shielding overlying
the TMs. A second kind of phenomena, known as solar energetic particle (SEP)
events, are associated with shock acceleration in coronal mass ejections and
their spectrum can extend up to hundreds of MeV. Although much rarer than
solar flares, SEP events can have large particle fluences above 100 MeV and
deposit significant amounts of charge over periods of days. It is important to
characterise these events in terms of their frequency of occurrence, duration,
peak flux and total fluence as well as energy spectrum in order to calculate
their effects.
We have investigated the charging potential of two SEP events which can have
operational implications for the LISA mission. Event 1 occurred on 29 Sept
1989 and is a well-known extreme event, with a fluence Φ40≃10
9 protons/cm2
above 40 MeV, which caused widespread instrument malfunction in space (and
on Earth!). Event 2 is a small, unremarkable event registered on 20 May 2001,
with a fluence of Φ40 ≃ 6 × 10
5 protons/cm2. The respective proton fluxes
recorded by the Geostationary Operational Environmental Satellites (GOES)
[20] are shown in Fig. 10.
The Weibull function is found to describe many SEP energy spectra. The
Weibull differential flux (in protons/cm2/s/sr/MeV), is:
φ(E) = Ak αEα−1 exp (−kEα), (1)
where E is the primary energy and A, k and α are free parameters. Event 1
has been fitted with such a function using data from space-borne detectors
and ground-level neutron monitors together with radiation transport codes
[21]. This fit is shown in Fig. 11. The peak fluxes in three GOES channels are
also plotted in the figure.
Events with small fluence are usually not amenable to a similar parameterisa-
tion. Nevertheless, Event 2 was fitted with a Weibull function with the same
spectral indices (α and k) found for Event 1 but with A scaled to agree with
the GOES data. This approach should be sufficient for the estimation of charg-
ing rates. The result is also shown in Fig. 11. Note that this spectrum excludes
13
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Fig. 11. Proposed differential energy spectra at peak flux for Event 1 and Event 2
using a Weibull function fit and the GOES data. Also shown is the spectrum for
GCR protons at solar maximum.
the GCR background, which should be added in charging calculations.
Finally, the SEP event rate must be established from the relative distribution
of event sizes together with the predicted rates for the occurrence of a particu-
lar event fluence. The well-known Nymmik model, based on a statistical analy-
sis of historical records, applies to event fluences Φ30 (E>30 MeV) in the range
105–1011 protons/cm2 [22]. In this model, the mean occurrence frequency,
〈N(t)〉 (events/year), of SEP events with fluence Φ30 > 10
5 protons/cm2 is
14
a function of solar activity through the average monthly sunspot number, W :
〈N(t)〉 = 0.3W (t)0.75. (2)
In the same study, the distribution of event fluences is fitted with a power law:
1
〈N〉
dN(Φ30)
dΦ30
∝ Φ−1.4130 . (3)
These equations allow us to estimate the SEP event rate shown in Fig. 12. A
sunspot number W=100 was considered to be representative of the solar max-
imum conditions prevailing around 2012 when LISA is scheduled for launch.
This analysis confirms that events as large as Event 1 occur at most once in
the 11-year solar cycle (note that W decreases either side of solar maximum).
Smaller ones such as Event 2 should occur some 6 times per year. The total
number expected near solar maximum is of order 10. In Fig. 13 we present
a projection of events expected during the mission lifetime. The same figure
plots the probability for a SEP fluence Φ30 > 10
5 protons/cm2 to occur in a
106 s period, assuming a Poisson distribution with mean given by Eq. 2 (W (t)
is calculated from the average of 13 solar cycles). Such period represents a hy-
pothetical extension of the LISA bandwidth presently under discussion. This
calculation suggests that such a long dataset can easily be contaminated by a
solar event.
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Fig. 12. SEP event frequency distribution as a function of event fluence for an
average sunspot number W=100.
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Table 2
Charging from SEP Events
Event 1 Event 2
29 Sept 1989 20 May 2001
Φ30, protons/cm
2 1× 109 6× 105
event duration, days ∼5 ∼1
decay time, days 0.43 0.34
rate at peak flux, +e/s 68,000 87
charging from SEP, +e 3× 109 3× 106
charging from GCR, +e 1× 107 2× 106
4.2 Charging Rates from SEP Events
The charging expected from these SEP events is obtained by multiplying the
differential energy spectra by the spectral charging efficiency previously shown
in Fig. 9. The charging spectrum for Event 2 added to solar maximum protons
is shown in Fig. 14. The charging rate at peak flux is estimated at 87±3 +e/s
(the error reflects only the MC uncertainty). This is some 4 times above the
solar maximum rate. On the other hand, Event 1 could charge the LISA test
masses at ∼70 000 +e/s at peak flux! Considering a simple exponential decay
of the fluxes shown in Fig. 10, we obtain the total charge deposits indicated
in Table 2.
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Fig. 14. Charging spectra for small SEP event and GCR protons at solar maximum.
This analysis is reassuring in that the number of SEP events with the potential
to produce spurious signals is relatively small even at the peak of solar activity.
This situation can change in periods of exceptional solar turbulence (W=200
was observed in the most intense solar cycle on record). The occurrence of solar
events should be correlated with the science data. Proton monitors aboard the
LISA spacecraft could be a very useful diagnostic tool for this purpose. Earth-
based monitors (or those on other missions) may miss spatial effects only
visible on the LISA constellation, or even on one of its spacecraft alone.
5 Non-simulated Physics
The MC simulation was complemented by an assessment of other physics
processes for their potential for TM charging. We categorise these into kinetic
emission from surfaces, photon emitting processes and isotope production in
the IS. The starting point for this analysis is the MC calculation of the primary
and secondary particle fluxes tallied at the surface of the TMs. The latter are
henceforth considered to be made entirely from gold.
5.1 Kinetic Emission Processes
Low energy electrons (∼eV) are emitted from surfaces bombarded by elec-
trons and ions. For fast (but non-relativistic) projectiles this phenomenon is
often known as kinetic emission, usually abbreviated as EIEE or IIEE for
electron- and ion-induced electron emission, respectively. EIEE is exploited,
for example, in scanning electron microscopy (SEM) and electron multipliers.
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Useful reviews are available on this subject [23,24,25] — although somewhat
outdated in terms of experimental data. The analysis presented here includes
data more relevant to the case of gold surfaces and high primary energies.
Normal incidence is assumed for simplicity.
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Fig. 15. Illustration of the electron spectrum emitted from a gold surface irradiated
by 2 keV electrons at normal incidence. Thin line: backscattered primaries (Geant4
simulation); Thick line: kinetic electron emission.
In EIEE, the energy spectrum of electrons emitted from the solid extends from
close to the incident electron energy, E, down to less than 1 eV, and has the
generic shape illustrated in Fig. 15. The higher-energy part of the spectrum
is due to backscattered primaries, the total number of which is characterised
by a reflection yield, η. This process is reproduced by Geant4. A significant
electron population is also represented in the figure at energies below ∼10 eV.
(Note that the total yield can be greater than 1) These are secondary elec-
trons created by the incident particle which find their way to the solid surface.
An electron is emitted if its kinetic energy perpendicular to the boundary is
greater than the surface barrier (for metals, this corresponds to the work func-
tion, φ). This secondary electron yield, δ, has a very soft spectrum, peaking at
a few eV. This peak is really due to the opposing trends of the delta-ray pro-
duction spectrum and the work function subtraction at the surface, and has
no particular meaning beyond that. Naturally, the secondary electron yield is
not taken into account in the simulation, and has to be assessed separately.
Fast ions, such as H and He nuclei, also lead to electron emission (IIEE). In
this instance the backscattering probability is small, but the kinetic emission
process is otherwise very similar to EIEE. An estimate of this contribution to
TM charging is also required.
In addition, one must consider secondary emission from transmitted electrons
and ions, i.e. those ejected forward from the electrodes and from the TMs
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by primaries travelling from the solid into vacuum. Accurate experimental
information on these forward yields is scarce, but there is indication that they
are similar to the backward yields [26].
Electrons emitted by EIEE and IIEE are generated extremely close to the
surface of the solid, in a layer .50 A˚ thick. This effect is therefore very sen-
sitive to the surface conditions. Oxide layers on metals and semiconductors
are expected to increase the yield since insulators usually have a higher emis-
sion yield than metals, although different metals were observed to change in
different directions when exposed to oxygen [27]. No change was observed for
Au targets in the same study. Nevertheless, the possible adsorption of foreign
species at the surface, namely organic deposits, should be considered.
5.1.1 EIEE and IIEE yields
According to the theory of Schou [28], which explores the similarity between
kinetic emission of electrons and atom sputtering, the secondary yield caused
by an incident non-relativistic electron with energy E is given by:
δPE = β
⋆Se(E)Λ , (4)
where Se(E) is the electronic stopping power at the primary electron energy E,
the parameter Λ depends only on the target material and β⋆ is a dimensionless
function almost insensitive to energy. This proportionality of the secondary
electron yield to the electronic stopping power has long been recognised. This
treatment ignores the contribution of secondaries generated by backscattered
electrons, which must be accounted for [29]:
δ = δPE(1 + βη). (5)
In this expression, β is the ratio of the mean secondary electron generation
of one backscattered electron to that of one primary electron and η is the
backscattering coefficient.
The parameters δPE and β in Eq. 5 have been measured for thin gold films for
electron energies in the range 10–100 keV [26]. In addition, we consider η=0.5
in this energy range, in order to add the contribution of secondaries produced
by backscattered primaries to the experimental values. Experimental data
were also found for lower energies [30], which reveal a total electron yield
peaking at ≃2 near 1 keV. These data include reflected primaries, which are
a sizeable fraction even at 1 keV. Backscattering has already been modelled
by Geant4, and must therefore be subtracted. The two datasets are shown in
Fig. 16 a), along with the stopping power for electrons in gold over a wide
energy range [31]. Curves 2 and 3 show our corrected estimates for δ. There is
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fair agreement between the energy dependence of the two datasets and that
of the stopping power above ∼1 keV (the abrupt behaviour of Se at ∼100 eV
is due to the particular model considered [32]). We have adopted a secondary
electron yield, δ, which attempts to reproduce the experimental data whilst
following the energy dependence of the stopping power in the non-relativistic
Bethe-Block region (10 keV–1 MeV). This is indicated by curve 4 in Fig. 16 a).
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Fig. 16. a) EIEE yield and stopping power for electrons in gold. b) IIEE yield for
protons. c) IIEE yield for alpha particles. d) Sputtering yield and nuclear stopping
powers for several projectiles in gold.
The theory of ion-induced emission is simpler than that of EIEE since pri-
mary backscattering is not significant. The ion-induced emission yield, γ, of
secondary electrons by fast, non relativistic ions is approximately proportional
to the electronic component of the stopping power for the ion in the material.
Proton yields are comparable to those of electrons of similar speed. To obtain
a charging rate estimate we make a similar extrapolation of low energy experi-
mental measurements to the relevant part of the primary projectile spectrum.
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Note that this dependence is being extrapolated to relativistic energies, which
are beyond the applicability of the theory.
Fig. 16 b) shows the adopted yields for protons based on data found in Ref. [33]
and Ref. [34]. Here too the energy dependence of the yield is in good agreement
with that of the stopping power over the energy range of the measurements.
Multiply-charged ions have larger yields, reflecting higher rates of energy loss
in the material. At GCR energies the helium flux is composed of He2+ rather
than singly-ionised atoms. Fig. 16 c) shows the adopted yield based on the
data from Ref. [33]. Note that δ ≃ 6 at the peak of the stopping power.
5.1.2 Kinetic emission rates
The energy spectra of electrons and protons tallied at the TM surface —
regardless of whether or not they lead to a net event charge — are shown in
Fig. 17. Similar data were generated for solar maximum protons as well as 4He
primaries. It is worth pointing out the noticeable discontinuity observed in the
electron spectrum near 800 eV, which is due to the limitation of the proton-
induced delta-ray production model in Geant4 mentioned in Section 2.3. A
large uncertainty should therefore be attributed to the sub-keV part of the
energy spectra, as it is difficult to estimate the number of electrons suppressed
by the cut (although no major error in the charging rate is expected).
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Fig. 17. Spectrum of electrons and protons entering (top) and leaving (bottom) one
TM for incident protons at solar minimum and respective kinetic emission rates
(shaded).
On the same plot we show the corresponding emission rates obtained by mul-
tiplying the primary spectra by the normal incidence yields. The net rates for
primaries entering and leaving the TMs are summarised in Table 3. If identi-
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Table 3. Estimates of EIEE and IIEE rates.
primary solar electrons in electrons out hadrons in hadrons out 〈K.E.〉†
particle activity e/s δ/s e/s δ/s h/s γ/s h/s γ/s +e/s
p 112 17.6 141 14.0 154 4.7 145 5.5 20.9
4He min 24 2.3 31 2.2 19 5.7 21 8.0 9.1
3He – – – – – – – – –
total 136 19.9 172 16.2 173 10.4 166 13.5 30.0
p 72 12.0 94 8.7 80 2.1 84 3.0 12.9
4He max 14 1.2 19 1.3 10 3.4 17 4.7 5.3
3He – – – – – – – – –
total 86 13.2 113 10.0 90 5.5 101 7.7 18.2
† Average kinetic emission from the TM and the inner electrode housing.
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cal yields are considered for both incident and transmitted particles (forward
and backward emission), and also for the TM as well as the electrode sur-
faces, then these four contributions should nearly cancel out statistically. How-
ever, this cancellation can be compromised by sensing and actuating voltages
applied to the electrodes. Even if the net rates do cancel out, the stochas-
tic nature of the emission will be a source of spurious acceleration noise in
the sensor. For this reason, Table 3 also indicates the average emission rates
(1/2(δ + γ)IN +
1/2(δ + γ)OUT), which we take to represent the importance of
this effect (and should not be added to R as a net charging rate). The average
rate for solar minimum is 30 +e/s, a figure comparable with the MC rate and
larger than He-induced charging.
5.1.3 Atom sputtering
Sputtering is the ejection of atoms from a surface under bombardment from
energetic ions. Although similar in nature to kinetic electron emission, this is
mainly a momentum-transfer process between nuclei. Consequently, it depends
on the nuclear stopping power, Sn, rather than on the electronic component.
Although sputtered species are likely to be electrically neutral (although this
is not always the case) charge emission may occur from surfaces struck by the
sputtered atoms.
The sputtering yields of gold surfaces — the number of atoms ejected per
incident ion — were obtained with the SRIM2003 package [35], a software
widely used for calculation of ion interactions in matter. SRIM reproduces the
experimental yields found in Ref. [36] for bombardment of Au with singly-
ionised noble gases at 1-100 keV energies. The sputtering yields, S, for H, He,
C, Fe and Kr ions were then calculated, using a full-cascade simulation, at ion
kinetic energies between 1 keV and 1 MeV. These are shown in Fig. 16 d).
Carbon is the third most abundant GCR species, after H and He.
The nuclear stopping powers for protons and krypton ions in gold are also
shown in the figure. Experimental data were found for krypton above ∼100
MeV [37]. For this projectile, an extrapolation of S to high energies based on
Sn seems justified. Adopting a similar trend for the lighter projectiles allows us
to conclude that sputtering rates are negligible, much smaller than 1 atom/s.
They can therefore be safely ignored.
5.2 Photon Emission Processes
We now examine non-simulated photon processes which can contribute to
TM charging. In this category we include x-ray transition radiation (XTR), x-
ray Cherenkov radiation (XCR) and particle-induced x-ray emission (PIXE).
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Their effects may be two-fold: electron emission can be due to self-absorption
within the bulk material or photoemission from a surface across the sensor
gaps.
A surface irradiated by x-rays emits a primary spectrum of fast photoelectrons
and Auger electrons as well as low energy (eV) secondaries generated by kinetic
emission. The quantum efficiency (QE) of gold surfaces can be as high as
10% for photon energies in the range 20 eV–10 keV [38]. Secondary electron
emission dominates the total QE in most materials. For gold, the primary
spectrum constitutes only 3–20% of the total yield over that energy range
[39]. A rapid decrease in efficiency is observed into the UV region, as the
photon energy approaches the surface work function. An electron yield of
∼10−5 electrons per absorbed photon is expected at 5 eV [40]. The low UV QE
abates our concern with sources of optical emission, such as optical transition
radiation (OTR) and optical Cherenkov emission (OCR).
5.2.1 Proton-induced x-ray emission
The ionisation cross-section of a particular atomic shell increases with projec-
tile energy in the MeV range, peaking when the projectile velocity equals the
electron velocity in that particular shell. A simple rule-of-thumb for the peak
energy is E0 = 1840AUi, where A is the projectile mass number and Ui is the
electron binding energy [41]. In gold, this corresponds to proton energies of
approximately 150 MeV for the K shell (Ui=80 keV) and 25 MeV for the L
shell (14 keV). The K shell fluorescence yield, ωK , is practically unity for Au
(whereas ωL ≈ 0.35), which means that nearly all K-shell ionisation ends up
in x-ray emission rather than Auger electrons. Given the large primary ener-
gies involved, one must confirm that photon fluxes across the sensor gaps are
small. Although a prototype PIXE model does exists in Geant4, it still repro-
duces experimental data poorly in the present version of the toolkit. Instead,
we have estimated the emission yields of K and L x-rays for protons incident
on a thick gold sample using the procedure described in Ref. [41].
For a proton of energy E0 entering a sample at angle θi, the PIXE yield, Y ,
radiated into a solid angle dΩ around an x-ray exit angle θo is given by:
Y (E0, θi, θo) =
NAωifα
A
dΩ
4pi
0∫
E0
σ(E)T (E)
S(E)
dE. (6)
In this expression, NA is Avogadro’s number, ωi is the fluorescence yield for
the i-th atomic shell, fα is the fraction of fluorescence for a particular x-ray
(Kα1, Kα2, etc.), A is the molar mass of the material, σ(E) is the ionisation
cross-section for the shell in question, S(E) is the proton stopping power and
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T (E) describes the x-ray self-absorption in the sample:
T (E) = exp

−
E∫
E0
µ
cos(θi)
cos(θo)
1
S(E)

 , (7)
where µ is the mass attenuation coefficient at the x-ray energy. The integrals
in Eq. 6 and Eq. 7 must be computed numerically. The proton stopping power
is approximated by a power law in the 1–1000 MeV range. For the K- and
L-shell ionisation cross-sections, the parameterisation proposed in Ref. [42] is
used. Although intended for lower energies, the cross-sections predicted for Au
agree satisfactorily with experimental data for K-shell ionisation by 160 MeV
protons [43] and L x-ray production at 30 MeV [44].
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Fig. 18. K- and L-shell PIXE yields from protons on a thick Au target (nor-
mal incidence). The dotted lines describe the yields uncorrected for self-absorption
(T (E)=1).
The PIXE yields into the vacuum hemisphere are shown in Fig. 18 for nor-
mal incidence protons. This estimate indicates a value just under 0.01 pho-
tons/proton over the energy range of interest. Considering maximum QEs of
0.1 for L- and K x-rays, the proton rates given in Table 3 result in a charging
rate below 1 +e/s. The photoelectron emission rate from x-ray self-absorption
in the sample itself is even smaller.
5.2.2 Transition radiation
Transition radiation (TR) consists of the emission of photons by fast charged
particles crossing a boundary between two media with different dielectric con-
stants. Optical photons are generated by slow, non- or slightly-relativistic inci-
dent particles (OTR), whereas ultra-relativistic projectiles produce preferen-
tially x-rays (XTR). Although common radiators are dielectrics, any material
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boundary can generate TR photons, including metal/vacuum interfaces. In the
latter case, large photon yields are not foreseen due to the opaque nature of
the radiator. OTR is not expected to be an important source of TM charging
due to both the very small photon absorption length and the relatively low
photoelectric coefficients of gold at optical/UV wavelengths. X-ray emission
should be estimated in view of the large flux of relativistic particles across the
TM boundaries.
A particle with charge ze crossing from vacuum into a material with plasma
frequency ωp will produce a TR spectrum which diverges at low energies and
decreases rapidly for photon energies above γ~ωp, where γ is the Lorentz
factor. The number of photons generated above an energy ~ω0 is given by the
following equation [45]:
N ≃
αz2
pi


(
ln
γ~ωp
~ω0
− 1
)2
+
pi2
12

 , (8)
where α is the fine structure constant. As this equation suggests, the number of
photons emitted above a fixed fraction of γ~ωp is constant. For a gold radiator
(~ωp ≃ 8.5 eV) the quantum yield above 0.1γ~ωp (≃10 eV) for 10 GeV incident
protons is equal to 0.59%; 10 MeV electrons generate the same yield above
18 eV TR energy. These small values are further attenuated by the opacity
of gold at such low photon energies and the small QE of the gold surfaces
opposite. No significant charging is thus expected from TR photons crossing
the sensor gaps.
On the other hand, one can consider that most TR photons are absorbed
in the solid and create photoelectrons very close to the surface, a fraction of
which can be ejected — possibly accompanied by kinetic emission. Considering
the TR and EIEE yields involved, together with the simulated particle fluxes
across the TM boundary, we place an upper limit of 1 +e/s for the charging
contribution from transition radiation.
5.2.3 X-ray Cherenkov radiation
Cherenkov radiation (CR) is closely related to TR but, whereas the latter
occurs at discontinuities of the dielectric constant, Cherenkov photons are
emitted when the particle velocity is greater than the speed of light in the
bulk medium. Optical Cherenkov emission (OCR) in transparent media is not
important here for the reasons stated above for OTR. At higher energies,
comparable to atomic levels, CR is absorbed over very short distances and so
it manifests itself as ionisation created along the particle track. This is already
included in the MC as a continuous energy loss term [46].
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X-ray Cherenkov radiation (XCR) is suppressed in the limit of a transparent
medium since photons emitted from different parts of the particle track inter-
fere destructively, but this interference is broken by a finite photon attenuation
length, l. The ceramic slabs supporting the electrodes, shown in Fig. 2, can
act as XCR radiators. As in XTR, self-absorption near the surface is probably
more important than the x-ray flux across the IS gaps.
We have estimated the number of Cherenkov x-rays emitted from the ceramic
electrode supports into the forward hemisphere for 1 GeV protons using the
following yield equation [47]:
d3N
~ dω dx dθ2
=
α
pi~c
ω
c
θ2ℑ(Z), (9)
where ~ω is the photon energy, x is the trajectory length, θ is the photon
emission angle with respect to the particle trajectory and Z is known as the
complex formation zone of the medium: Z = L/(1− iL/l), with:
L =
c
ω
[
γ−2 +
ω2p
ω2
+ θ2
]
−1
. (10)
Note that a transparent medium (l=∞) implies Z=L, which eliminates the
yield in Eq. 9. For the ceramics, the CR yield from a layer with thickness
equal to l∼0.1 mm is 0.025 photons/proton. Although only a fraction of the
photoelectrons created over a thickness l escapes the electrode surface, this
process seems capable of TM charging at the level of 1 +e/s.
5.3 Cosmogenic Activation
The mechanisms analysed so far involve TM hits which happen, for all prac-
tical purposes, in coincidence with the primary cosmic ray. We now assess
whether the activation of materials by GCR protons can lead to significant
TM charging through the subsequent radioactive decay of relatively short-
lived radioisotopes. The main concern is activation of the TM itself, since the
IS housing provides enough shielding from external radioactive products.
The activity of a particular daughter species after an irradiation time t is [48]:
A(t) = 0.6
m
A
σΦ(1− e−λt) [Bq] , (11)
where m/A is the dimensionless ratio of the total mass to atomic mass of the
material, σ is the cross-section in barn, Φ is the proton flux in p/s/cm2 and
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λ is the decay constant of the radioisotope. If the irradiation period is long
compared to the half-life of a particular radioisotope, then the single-species
activity in a 46-mm TM is given by A = 6σΦ.
Radioisotope production by proton irradiation has been studied in the 100–
2000 MeV energy range for many targets [49]. For gold, the production cross-
sections are highest for daughter isotopes just below 179Au (spallation) and
decrease quickly for lighter elements. Overall, a dozen or so radioisotopes are
produced at ∼0.1 barn per nuclide; these decay quickly (relative to the mission
duration) mainly by electron capture (EC). We estimate a secular-equilibrium
activity of the order of 2 Bq for each spallation product. Only a very small
fraction of these decays (∼0.1%), which occur randomly in the TM volume,
can actually eject charge from its surface. Therefore, this contribution to the
charging rate can be safely ignored. Radioisotope production by neutron cap-
ture was also found to be similarly ineffective in TM charging.
6 Conclusions
The MC simulation of the interaction of GCR protons and He nuclei with the
LISA spacecraft indicates TM charging rates of nearly 25 +e/s for solar maxi-
mum conditions, rising to 50 +e/s for solar minimum. Table 4 summarises the
main results. We consider an additional error of ±30% on the charging rates
to account for uncertainties in the GCR spectra, physics models and geome-
try implementation. Although most of the charging is inflicted by protons, He
contributes disproportionately to its abundance due to the double ion charge.
The solar minimum rate is almost twice that previously obtained with Geant4
[6], which is explained by the far more detailed geometry implementation and
the use of more complex physics models. The new result is almost 5 times
larger than the original Geant3 simulation [4]. Apart from the smaller 40 mm
TM considered in that study, the difference is also explained by insufficient
hadronic models in Geant3. A comparison of the respective charging spectra
reveals that most charging in that study resulted from direct primary stopping
in the test mass.
Several potential charging mechanisms were assessed independently of the
simulation. Some x-ray processes were found to be able to contribute to TM
charging at a maximum level of ±1 +e/s. More significantly, the kinetic emis-
sion of low energy electrons due to bombardment of the sensor by electrons and
ions was identified as a more serious concern. The net charging from kinetic
emission will depend on a number of factors, but even a perfect cancellation
of the emission across the IS gaps will not avoid some acceleration noise. Al-
though there are considerable uncertainties in these estimates, it is clear that
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Table 4
Summary of Test-Mass Charging in LISA
primary solar charging rate charging fluctuations Reff
particle activity R± σM , +e/s δ+γ, +e/s † SR, e/s/Hz
1/2 ST ‡ e/s
p 41.2±0.8 21 21.4 – –
4He min 7.7±0.3 9 10.7 – –
3He 1.04±0.05 – 4.0 – –
total 49.9±0.9 30 24.2 28.4 403
p 19.7±0.6 13 17.4 – –
4He max 3.5±0.2 5 8.9 – –
3He 0.44±0.03 – 2.8 – –
total 23.7±0.6 18 19.7 22.5 254
† Average kinetic emission as given in Table 3.
‡ Including δ+γ and continuous discharge at a rate −R.
this effect can rival the MC rates, and even eclipse the contributions of GCR
nuclei beyond H. In this context we believe that the experimental determina-
tion of IIEE yields at relativistic GCR energies merits future attention.
Shot-noise fluctuations with a spectral density of 24 +e/s/Hz1/2 are predicted
at solar minimum (i.e. charge fluctuations of 24/(2pif) +e/Hz1/2). That figure
increases to 28.4 +e/s/Hz1/2 if one includes the effect of kinetic emission and
considers a continuous charge neutralisation exactly balanced at a rate −R. A
charging rate of 400 +e/s in single charges would be required to produce this
level of fluctuations. The acceleration noise caused by charging could reach
4 × 10−16 m/s2/Hz1/2 at f=0.1 mHz for typical IS parameters [8], making
charging disturbances one of the dominant noise sources at low frequencies.
Charging from SEP events was also investigated. Some 10 events per year are
expected to affect the LISA science data at solar maximum, which is not a crit-
ical scenario. Further work is under way to consolidate these predictions and
to qualify the need for independent in-flight diagnostic tools such as particle
monitors.
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